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SUMMARY

Convectiveheat-transfercoefficientsin dry

STATIONARYAND

airwereobtainedfor
an ellipsoidalspinnerof30-inchmaximumdiameterforbothstationary
androtatingoperationovera rangeofconditionsincludingairspeedsup
to275milesperhour,rotationalspeedsup to1200rpm,andanglesof
attackof zeroand4°. Theresultsarepresentedin termsofNusselt
numbers,Reynoldsnumbers,andconvectiveheat-transfercoefficients.
Thestudiesincludedbothuniformheatingdensitiesoverthespinner
anduniformsurfacetemperatures.

Ingeneral,theresultsshowedthatrotationwSU increasethecon-
●

vectiveheattransferfroma spinner,especiallyin theturbulent-flow
regions.Rotationof thespinnerat 1200rpmandat a free-stresmveloc-
ityof 275milesperhourincreasedtheNusseltmmiberparameterinthe
turbulent-flowregionby 32percentoverthatobtainedwitha stationary
spinner;whereasinthenoseregion,wheretheflowwaslaminar,an
increaseof only18percentwasobserved.Transitionfromlaminarto
turbulentflowoccurredovera largerangeofReynoldsnumbersprimarily
becauseof surfaceroughnessofthespinner.Operationat anangleof
attackof 4°hadonlysmalleffectson thelocalconvectiveheattransfer
forthemodelstudied.

INTRODUCTION

Inthedeterminationofminimumthermal-icing-protectionrequire-
mentsforturbojet-poweredall-weatheraircraft,a knowledgeofheat
transferfromstationarystreamlinedbodiesofrevolutionisrequired
toevaluatemorecloselytheheatdemandforsuchcomponentsas engine
accessoryhousingsandradomes(ref.1). Icingoftheradomemaycause
deteriorationofradartransmission,whileicingof theengineaccessory
housingmaycausepressurelossesat thecompressorfaceresultingina
lossinenginethrust.Inaddition,thedevelopmentoflargeturbine-M
propellerenginesusinglarge-diametergearedpropellersrequiresicing
protectionforthepropellerspinner.Icingof thespinnermayreduce
thepressurerecoveryavailableinairintakeslocateddownstream&corn
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thespinner,therebycausinga lossinenginethrustandpower.The
uncontrolledthrow-offoflargeiceformationsfromthespinnermayalso
causestructuraldsmagetopropeller-bladecuffsandaircraftandengine
componentslocateddownstreamof thespinner.Inaddition,asymmetrical
uncontrolledsheddingof iceformationsfroma spinnermayproduceunde-
sirableunbalancecausingexcessivevibrationof thepropeller-spinner
configuration.

Lhiteddataareavailableon averageandlocalheat-transfercoef-
ficientsforspheres(refs.2 to 6),whilelittleinformationexistson
heattransferfromsimplebodiesofrevolution.Informationthatis
availabledoesnotappeartobe directlyapplicabletotheicingprob-
lemsconcerninghigh-speedaircraftandalsodoesnotconsidertheeffect
ofbodyrotationonheattransfer.

Aspartofa generalprogramto deter@neicingandicingprotection
ofbodiesofrevolution,a studywasmadeat theNACALewislaboratory
to determinetheexternalconvectiveheattransferobtainedfroman ellip-
soidalspinnerwhichincorporatedan internal.electricheater.Datawere
obtainedwithandwithoutrotationofthespinnerat dry-airconditions
overa rangeofairspeedsup to 275milesperhourandrotationalspeeds
up to 1200rpm. Thestudypresentedhereinisnecessarilyrestricted
becauseoffailureoftheheaterspriorto completionof theprogram;
hence,no datainicingconditionswereobtained.
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SYMBOLS

Thefollowingsymbolsareusedin thisreport:

convectiveheat-transfercoefficient,Btu/(hr)(sqft)(OF)

thermalconductivityofair,Btu/(hr)(sqft)(OF/ft)

Nusseltnumber,dimensionless,basedonlocalsurfacedistance
andfree-stremairthermalconductivityexceptas noted

rotationalspeed,rps

Prandtlnuniber,dimensionless,basedonfree-streamairproper-
tiesofviscosityandconductivity

internalrateofheat-flowloss,Btu/(hr)(sqft)

totalrateofheat-flowinput,Btu/(hr)(sqft)

—

u

.
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Re Reynoldsnuriber,dimensionless,basedon localsurfacedistance,
localairvelocity,andfree-streamairpropertiesofdensity
andviscosityexceptas noted

r localspinnerradius,ft

t~ datumtemperature,‘%’

ti tenmeratureof neopreneinsulation,%’

ts surfacetemperature,‘F

v localresultantvelocityof spinner,ft/sec

Vr localcomponentof V ina planeperpendicularto spinneraxis
ofrotation,2firn,ft/sec

v% localstresmwisevelocityjustoutsideofboundarylayer,
ft/sec

8 boundary-layerthickness,ft

Subscripts:

D parameterbasedon equivalentspherediameterandfree-stream
velocity

2 parameterbasedon localairpropertiesof density,conduc-
tivity,andviscosity

s spinnersurface

1 heatersideofneopreneinsulation

2 modelinteriorsideof neopreneinsulation

IESCR~IONOl?APPARATUS

Thespinnermodel,an ellipsoidalshapewitha majoraxisof
37.5inchesanda minoraxisofM inches,wasmountedon a fairedafter-
bodyin the6-by 9-foottestsectionof theicing-researchtunnel
(fig.1). Thespinnermodelwasfabricatedof 0.062-inchaluminum,
spuntotherequiredshape.Thespinnercontourisshowninfigure2
togetherwitha tableof thespinnercoordinates.Heatwasshpplied
to thespimerby meansof sixelectrioheatingpads;thesurfacearea
heatedbyeachpadandthemaximumallowableheatingdensityareshown
intableI.
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Constructiondetailsof theelectricallyheatedspinneralsoare
showninfigure2. Theheatersconsistedof 30-gageNichromeheating
wiresspaced0.125inchon centers.Theheaterwireswereencased

.

betweentwopliesofglasscloth,each0.006inchthick.Theheater
wiresandclothwereinturnsandwichedbetweentwolayersofneoprene,
each0.010inchthick.Theinnersideof theheater(fig.2) included
anadditionalneopreneinsulationplyof0.060-inchthickness.Eachof
thesixheatingpadsshowninfigure2 wasconnectedtoa separatevari-
ableautotransformerwhichpermittedselectivecontrolofheatinputand
axial-heatdistribution.Thetotalpowerinputto eachheatingpadwas
measuxedby a recordingwattmeter.

Themodelwasinstrumentedtoobtaintheheatdissipationfromthe
heaterstotheinsideof thespinnershell.aswell-asthesurfacetem-
peratures.Thesurfacethermocoupleswerespacedatl-inchintervals
measuredfromthespinnernoseforheatingelementsA, B, andC!(fig.2).
ForheatingelementsD andE thethermocouplespacingwas1.5inches
whileforheatingelementF thespacingwasincreasedto 3 inches.In
themiddleof eachbeatablesection,thermocoupleswerelocatedinthree
layersas showninfigure2. Thetwosetsofthermocouplesonthe
0.060-inchneopreneinsulationwereusedtoobtaintheheatlossto the
spinnerinterior.Allthermocouplesconsistedof 30-gageironandcon-
stantanWe. me surfacethermocoupleswerepeenedintothealuminum d
shellof thespinner,whilethethermocoupleson theneopreneinsulation
wereconnectedto0.25-inch-diameterbrassdiskswhichwerecemented
to theneoprene.Thebrassdiskswereusedtoprovidean averageheater- -
insulationtemperatureratherthanthetemperatureoverorbetweenheater
wires.

Themeansusedto transmitthet~eraturesfromthethermocouples
totherecorderisshownschematicallyinfigure3. Allthethermo-
coupleleadsfromthespinnerwerefedthrougha hollowmotorshaftto
therearof themotorhousingandthrougha thermocoupleselectorswitch
intoa steam-filledjacketthatrotatedwiththeshaft.Fromtherotat-
ingjacket,copperleadswereattachedto a slip-ringandbrushassembly.
Fromthisassenibly,copperleadswereagainledintoa steam-filled
stationaryjacket.Iron-constantanleadswetieusedfromthestationary
Jackettoa thermocoupleselectorunitandtoa flightrecorder.The
steemJacketwasusedtoprovidea constanttemperatureat criticaljunc-
tionsinthethermocouple,circuitingwhenthewiremetalsinthethermo-
coupleleadswerechangedfromironandconstantantocopperandback
again.

A 7.5-horsepowerelectricvariable-speedmotorks usedto drive
thespinnerfortherotating.phaseof theprogram.A “powerpineapple” A
assenibly,consistingof sevensetsof copperslipringsandcopperbrushes
ratedat 45amperesandtwosetsofringsandbrushesratedat 3 amperes,

—

wasmountedaroundthemotorshaftbetweenthespinnerandthemotor. .
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Thisassemblywasusedto supplyelectricpowerselectivelyto theheat-
ingpads.

NJ
~m

A smallcontainerforan icebathanda thermocouplewasmounted
on thebulkheadat thebaseof thespinner.Thetemperatureof theice
bath(32°F) wastransmittedbymeansofthethermocouplethroughthe
entiretemperature-measuringsystemtotheflightrecorder;a meahswas
therebyprovidedto determineanyerrorsinabsolutetemperaturemeasure-
mentthatmightoccurduetomalfunctioningofthesteam~acketsorwear
of theslip-ringassembly.

Thepressuredistributionoverthespinnersurfacewasobtainedby
meansofpressurebeltscementedtothespinnersurface.

Ikee-streamtemperatureconditionsweremeasuredlymeansof
shieldedthermocouplesfromwhichtheapproximateairtotaltempera-
turewasrecordedon independentrecorders.Rotationalspeedswere
determinedlyusinga stroboscopiclightingsystemconsistingofa
singleflashlampsynchronizedwiththespinner.

PROCEDUREANDTECHNIQUES
●

Thepressuredistributionoverthespinnerwasobtainedonlyfor
stationaryoperationof themodel.Datawereobtainedinbothhori-
zontalandverticalplanesat a spinnerangleofattackof zeroandin
a verticalplaneat a spinnerangleofattackof 4°.

Heat-transferdatawereprimrilyobtainedby usinga uniformtotal
heatinputto theentirebeatableareaof thespinner.Powerdensity
valuesof 3,4,and5 watts-persquareinchwerestudied.Additional
limitedstudiesweremadefora uniformsurface-temperaturedistribu-
tionwithinthelimitsof theheaterconfiguration.Datawererecorded
onlyaftersufficienttimehadelapsedto insurethatthetemperature
hadstabilized.In general,allheat-transferstudiesweremadeat a
totalairte~eratureof0°F.

Wiotito eachday’stesting,a checkwasmadeby meansof theice
bathat thespinnerbasetodeterminewhetherthetemperature-measuring
systemwasfunctioningproperly.

Thespinnermodelwasstudiedindryairoverthefollowingnominal
rangeof operatingconditions:
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175

175

275

275

ngleofattack,
deg

o

4

0

4

Rotationalspeed,
rpm

O, 800,1200

0

0,1200

0

l?rommeasurementsmadeinreference7 of theeffectivethermal
resistanceofa layerofneoprenebetweentwolayersof thermocouples, —
anaveragethermalconductivityof107.43tu/(hr)(sqft)(OF)wasobtained
fora sheetofneoprene0.012inchthick.Thisvalueof thermalconduc-
tivity,adjustedfortheadditionalthicknessof neoprenein thespinner,
wasusedwiththemeasuredtemperaturedropto calculatetheinternal
heatlossfromtheheaters.Conductioneffectsintheheaterandmetal
spinnershellwereneglectedinallcalculations

RESULTSANDDISCUSSION

VelocityDistribution

ofheat–transfer. -. .—

.

An evaluationoflocalconvectiveheat-transferdatafroma body
ofrevolutionrequiresthatthelocalvelocityoverthesurfacebe known.
Theresultsofa pressure-distributionstudyfromwhichthelocalveloc-
itiesVt overthenonrotatingspinnerwereobtainedareshowninfig-
ure4(a)forzeroangleofattackandairspeedsof175and275milesper
hour,respectively.Theexperimentalvalues,uncorrectedfortunnel
effects,areotiYslightlyhigherthanthoseobtainedanalyticallyby--
meansofreference8 fora prolatespheroidofthesameaxesdimensions
as thespinner.No effortwasmadeto correcttheexperimentalvalues
fortunneleffectsinasmuchastheanalysisofexperimentalheat-transfer
datarequirestheuseof theactualmeasuredlocalvelocityvalues. The
velocitydistributionoverthenonrotatingspinneratanangleof attack
of 4° isshowninfigure4(b);thedistributiondoesnotdifferappre-
ciablyfromthevaluesobtainedat zerobecauseof theratherblunt
physicalcharacteristicsofthespinnerwhichcausedonlysmallflow
changesaroundthespinnerat lowanglesofattack.

Withspinnerrotation,no directmeasurementsoflocalvelocity
wereobtained;however,thelocalresultantvelocitywascalculatedcon-
ventionallyfromthelocaltangentialandrotationalvelocitiesas

.

.—
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Thelocalresultantvelocities
tionsofheattransferforthe
insubsequentsectionsof this

= 4V*2+vr2 (1)

thusobtainedwereusedinallcalcula-
caseof therotatingspinnerpresented.
report.

Heat-TransferAnalysis

Internalheatloss.- TQe1’ssthroughtheheaterto themodel
interiorwasobtainedbya measu.-nt of theheattransferthroughthe
instrumentedneopreneinsulationby thefollotingrelation:

qf = 21.5(tf,l- ti,2)Btu/(hr)(sqft) (2)

Theconstant21.5wasobtainedbymeafisofreference7.

A compilationofalltheheatlossesthroughthe0.060-inchneo-
preneinsulationispresentedintableII. Thesedatawere cross-
plottedandextrapolatedtc obtainestimatedheatlossesfortestsfrom
whichdirecttemperaturemeasurementsthroughthe0.060-inchneoprene

. insulationwereunobtainable.Theaverageheatlosstothemodelinter-
iorforstationaryoperationof thespinneramountedtoabout14.1per-
centforthenose-sectionheaterandtoabout6.3percentfortherear-
mostheater.Fortherotatingspinner,theaverageheatlossat the
nose-sectionheaterwassimilartothestationaryspimer;however,the
lossincreasedforthetworearmostheaters,withtherearmostheater
losingabout10.0percentto themodelinterior.Theincreasedheat
lossfortherearwardheatersappearstohavebeencausedbyan increase
inheattransferto thespinnermountingstructure;theheat-transfer
increasewasa resultof theincreasedaircirculationthroughthemodel
causedby spinning.Uncertaintiesin themeasurementof theinternal
heatlossesmayhavecontributedan errorof+5 percentto thecalcula-
tionof theexternalheat-transferrates.

Exter,palconvectiveheattransfer.- Theexternalconvectiveheat-
transfercoefficientsat eachheaterwerecalculatedfromthemeasured
totalheatinput,external-surfacetemperature,unheated-surfaceor
datumtemperature,andinternalheatlossby thefollowingrelation:

u~t-qf
h= t - td

(3)
s

m
Inorderto simplifycalculationoftheNusseltandReynoldsnumiberheat-
transferparameters,especiallyin thecaseoftherotatingspinner,the



a

airproperties
viscosity,and
inallcases.
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wereevaluatedgenerallyat free-stresmvaluesof density, .

conductivity;however,localvaluesofvelocitywereused
Inordertoindicatetheeffecton theheat-transferpa-- . _

eterscontributedby theuseoflocalvaluesof density,viscosity,and
conductivity,severalcalculationsfornonrotationofthespinnerbased
on theselocalvaluesalsoareincludedanddiscussedbrieflyinthesee- -
tionHeat-TransferResults.

Thetitumtemperaturestd wereobtainedfromSUrfELCe-tenIperah.Ire

measurementswithnoheatappliedtothespinnerandwererelatedtothe --~
free-streamtotalairtemperature.A discrepancybetweentheflight %
recorderforthetotalair-temperaturemeasurementsandtherecorderfor
thesurface-temperaturemeasurementscausedan inaccuracyof&!i”F in
thedeterminationof thedatum-temperaturelevel. —

—

Itisof interesttocomparetheexperimentalvaluesofheattranefer
fromthenoseregionofthestationaryspinnerwithheat-transfervalues
determinedforspheresfromtheaftregionsof thespinnerandwithflat-
platevalues;thecomparisonismadeina mannersimilarto thatfor
makinganalysisofairfoilswithcylindersandflatplates.Theoretical
calculationsof thelaminarboundary-layerthicknessfora spherewere
madeinreference9 andwereusedto determinelocalheat-transfercoef-
ficientsabouta sphere(ref.6)by therelation

●

hb _ 0.765
k

(4)
.

Althoughthespinnerisina 3-dimensionalflowfieldcomparedwitha
2-dimensionalflowfieldfora flatplate,thecomparisonmaybe con-
sideredsomewhatvalidfortheaftportionsof thespinnerbecauseof —
thelargeradiusofcurvatureof thespinnerinthedirectionof the
airstreamlines.Forthiscomparison,thefollowinganalyticalexpres-
sionforflat-pkteturbulentf~owgiveninreference10wasused: —

Nu = 0.0296Pr1/3Res0.8 (5)

Heat-TransferResults

Nonrotatingspinnerwithuniformheatdensity.- Theheat-transfer
dataforstationaryoperationof thespinnerat a zeroangleofattack.
arepresentedintermsof thenondimensionalNusseltnumber,Prandtl
number,andReynoldsnumberinfigure5. Thesedataareevaluatedin
termsofa distanceparameterbasedonthesurfacedistancemeasured
fromthestagnationpoint.Inadditionto theexperimentaldata,
theoreticalandexperimentalvaluesfora sphereby meansofrefer-
ences9 and6,respectively,andanalyticalvaluesforturbulentflow
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overa flatplate(eq.(5)) havebeenincludedinthisfigure.Thecurves
forthespherevaluesarebasedona spherediameterof15 inches,a size
whichwasdeterminedtohaveapproximatelythesamepressuredistribution
as theinitial4 to 5 inchesinthenoseregionof thespinner.Itwas
believed,consequently,thatthelaminarboundary-layerdevelopmentfor
thespinnerandsphereshouldbesimilar;hence,theheat-transfercharac-
teristicsshouldalsobe verysimilar.In theregionof Re~c5X105,
theexperimentalspinnerdatalieconsiderablyhigherthanbutapproxi-
matelypara~eltothespherevalues.Theresultsarein generalagree-
mentwiththeorderofmagnitudeof theairfoildataofreference10.
ThelaminarNusseltnuniberparametervaluesof thenoseregionare
approximately70percenthigherthanthetheoreticalspherevaluescal-
culatedby meansofreference9 (Pr= 1.0) and30percenthigherthan
theexperimentalvaluesreportedinreference6. A comparisonof the
Nusseltnumbersat thestagnationpointforthespinnerandspheresis
showninfigure6 asa functionofReynoldsnumber.The stagnation-
pointheattransferforthespinneris showntobe of thessmeorderof
magnitudeas theresultsobtainedfromreferences5, 6,and9. The
spinnerNusseltnumbervaluesat thestagnationpointlieapproximately
57percenthigherthanspherevaluesbasedonreference9 and37percent
higherthanspheredataextrapolatedfromtheexperimentalstudiesof
reference6. Itshouldbenotedthattheresultsbasedoh reference9
wereobtainedfromequation4 andarebasedona Prandtlnumberof1.0;
consequently,thesevaluesshouldbe approximately10percentgreater
forthenormalrangeofPrandtlnuniberforair.

Theincreaseinheat-transfervaluesinthelaminarnoseregion
withreferencetothecalculatedlaminar-flowspherevalues(fig.5)
isbelievedtobe caused,inlargepart,by theturbulencelevelof the
tunnelairstream.Similarincreasesinheattransferovercylinders
havebeenreportedinreferences3 andXlandwerecausedbyturbulence
intheairstreamandby modelroughness.A fullturbulent-flowcondi-
tion wasreachedata Reynoldsnumberof approximately6x106. Inthe
caseof turbulentflow,theexperimentalheat-transferNusseltnumber
agreescloselywiththeturbulent-flowflat-platevaluesfromequa-
tion(5)(fig.5).

A widevariationofcurvesinthetransitionregionoccurredas
thestudiesprogressedbecauseof theincreasedroughnessof thespinner
surfacecausedbydirtandrustparticlesin thetunnelairstream.The
initialtestsindicateda steepslopeforthetransitioncurve,with
transitionstartingata Reynoldsnumberofabout 1.5X106. Pro-
gressiverougheningof thesurfacemovedthetransitionforwardas shown
by a comparisonof thecurvesat175milesperhourfora heatinputof&
4 wattspersquareinch(fig.5, squareanddiamondsymbols);thecurve
showingdelayedtransition(squares@ols) wasattainedwitha smooth
surfacewhilethecurveshowingearlytransition(diamondsymbols)was
obtainedwitha roughenedsurface.Thecurvesat 275milesperhour
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(fig.5)wereobtainedwithapproximatelythesamedegreeof surface
roughnessandindicatethatan increaseinheatdensityfrom3 to
5 wattspersquareinchtendsto delaytransitionslightlyas thetotal

.

heatinputperunitareais increased.Theearliesttransitionappeared
to startata Reynoldsnumberofabout6)U05andoccurredwitha heat-
ingdensityof 3 wattspersquareinchat 275milesperhour. A portion
of thismovementof thetransitioncurvemaybe attributedto theaccu-

.

racywithwhichtheheat-transferrateswerecalculated.Withthelower
heatdensities,an errorof+3°inthedatumtemperaturewill.amountto
an errorofasmuchas+15percentinthetransition-regionNusseltnum-
berbecauseof thelowlevelof thetemperaturerise;witha highheat #
density(highsurfacetemperatures),thesameerrorintemperaturewould
amounttoonly+5 percentintheNusseltnumber. —

Forcomparativepurposeswithfigure5 anddatafromreference10,
twoof thestationaryspinnerstudies wereanalyzedwiththeuseof
localvaluesof theairproperties(density,viscosity,andconductivity)
basedonlocalsurfacetemperaturesfortheNusseltandReynoldsnumber
parametersas showninfigure7. Theresultingcurvesarequitesimilar

—

to thoseshowninfigure5,beingdisplacedsomewhattotheleftof the
originalcurvesinthetransitionregion.No improvementinthedata
scattercanbe discerned.A comparisonoftheNusseltparameterbased
on localconditionsat thespinnersurfacewithtypicalresultsfrom a
reference10 fora symmetricalNACA65,2-016airfoilandvaluesfortur-
bulentflowovera flatplatearealsoshowninfigure7. Itcanbe
seenfromthiscomparisonthatthedata,in most respects,arequite .
similar.

—

Rotatingspinnerwithuniformheatdensity.- Ingeneral,thevaria-
tionofNusseltnumberwithReynoldsnumberfora rotatingspinner
(fig.8)showsthesamecharacteristicsas thevaluesforthestation-
aryspinner;however,forthesameReynoldsnumbertheNusseltnumber
issomewhathigher.BoththeNusseltnumberandtheReynoldsnumberare
basedona graphicallydeterminedhelical-surfacedistanceassociated
withtherotationalspe@susedforthespinner:..The,increasein
Nusseltnumberresultedfroma changeinboundary-layercharacteristics
caused,inpart,by therotationalvelocitycomponentof theboundary
layerwhichcausesa twistingshearintheboundarylayeraswellas
possiblechangesintheboundary-layerprofilefromsmallcentrifugal
effects.A comparisonoffigures8(a)and(b)withthenonrotatingdata
showninfigure5 indicatesthattheNusseltnumberis increasedby
about11and18percentinthelaminarregionforrotationalspeedsof
800and1200,respectively;whileintheturbulentregion,theNusselt
numberisincreasedby about7 and32percent,respectively,forthese
tworotationalspeeds.Thesepercentageincreasesmaybe variedsome- *
whatby refairingthecurvesthroughthescattereddata.

.
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Transitionfortherotatingspinnerbeginsata Reynoldsnumberof
aboutlxl.06andreachesfullturbulentflowat about4.8XI-06.Thereis
noapparentdifferenceintransitionforthetworotationalspeeds
studiedotherthana shiftinthelevelofNusseltnu?iber.An increase
intheheatingdensityfrom3 to4 wattspersquareinchcauseda slight
delayintransition,aswasthecaseforthenonrotatiusPf~er}at an
airvelocityof 275milesperhour. Althoughthehigher-speeddata
(275mph)lieslightlyabovethe175-mile-per-hourdata,thisshiftis
believedtobe causeilprimarilyby thepreviouslyMscussedinaccuracy
intitum-temperaturevalues.ThesloPesforthetransitioncurvesare
similarforbothrotatingandnonrotatingoperationof thespinner.

Convectiveheat-transfercoefficientswithuniformheatingrate.-
Thelocalextern~heat-transfercoefficientandlocalsurface-temperature
riseareshowninfigure9 as a functionof surfacedistanceforboth
stationaryandrotatingoperationof thespinner.Thesevaluesofheat-
transfercoefficientswereobtainedforuniformtotalheatdensitiesof
3, 4,and5 wattspersquareinchandforairspeedsof175and275miles
perhour. Forstationaryoperationtheexternalheat-transfercoeffi-
cientinthenoseregionof thespinnerat thelowerairspeedwasapprox-
imately14Btu/(hr)(sqft)(%),whileat thehigherairspeedthecoeffi-
cientincreasedtoa~roxi.mately18.5Btu/(hr)(sqft)(%?).Witha spin-
nerrotationof 1200rpm,theheat-transfercoefficientin thenose
regionincreasedtoapproximately15 and21Btu/(hr)(sqft)(OF)forair-
speedsof 175and275milesperhour,respectively.At a rotatiotispeed
of 800rpmand175milesperhour,theheat-transfercoefficientwas
about14.5Btu/(hr)(sqft)(%?)at thenoseregion.Intheturbulent-flow
regionneartheaftendof thespinner,theheat-transfercoefficientfor
thestationaryspinnerwasapproximately29and45Btu/(hr)(sqft)(°F)
forairspeedsof175and275milesperhour,respectively.Rotationof
thespinnerincreasedthetwrbulentheat-transfercoefficient(airveloc-
ity,175mph)inproportionto therotationalspeed;at 800rpmthecoef-
ficientincreasedtoapproxhately35Btu/(hr)(sqft)(%l?),whileat
1200rpmthecoefficientincreasedtoabout39Btu/(hr)(sqft)(%).

Convectiveheat-transfercoefficientswithuniformsurfacetempera-
ture.- Heat-transfercoefficientsobtainedwithan approximatelyuniform
~ace temperatureareshowninfigure10 forstationaryandrotating
operationof thespinner.Thedata,ingeneral,areof thesamemagni-
tudeas thoseobtainedwitha uniformheatingrateandnonuniformsurface
temperature.Onlyinthetransitionregiondotheheat-transfercoeffi-
cientsUfer materially;thedatashowthatwitha uniformsurfacetem-
peraturetheslopeof thetransitioncurvebecomessteeperthanthat
obtainedwitha nonuniformsurfacetemperature.Thedifferencein the
apparentchangeinheat-transfercoefficientsinthetransitionregion
mayresultfromtheneglectof conductionWhichwillaffectthesurface
temperaturesandhencetheanalysisof thedata.Theheat-transfer-
coefficientdifferencesbetweenstationaryandrotatingoperationofthe
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spinnerwitha uniformsurfacetemperatureweresti.ilarto thoseobtained
withnonuniformsurfacetemperatures(uniformheatingrate).

.—

Heattransferatangleofattackof 4°.- Theconvectiveheat-
transfercoefficientsandsurfacetemperaturesobtainedwithuniform
totalheatinputsareshowninfigure11 forthestationaryspinnerat

,—

anangleofattackof 4°andairspeedsof175and275milesperhour,
respectively.Thesedatawereobtainedinthenormallyverticalplane
of thespinnerandarethemaximumandminimumheat-transfercoefficients
axiallyalongthespinnersurface.Becausethespinnerstudiedwasa ~
ratherbluntspecimen,anangleofattackof 4° didnotgreatlyinflu- .%
encetheflowfieldaboutthespinner,as indicatedpreviouslyby the
pressuredistributionaboutthespinner(fig.4(b));hence,theconvec-
tiveheat-transfercoefficientsat anangleofattackof 4° didnot
changeappreciablyfromthoseat zero.A morerapidapproachof transi-
tionwasobservedon theup~ersurfacethanonthelowersurfacebecause

.,

of surfaceroughnessatthespinnernoseregion. —

Applicationofdatato icingconditlona.-@ Thedry-airheat-transfer
dataobtainedforthespinnermaybeusedinthecalculationoftheapprcm-
imateheatingrequiranentsforicepreventioninicingconditionsby ob-
servingthegeneralresultsofheattransferfromanairfoilinicingcon-
ditionsgiveninreference10. Thedataobtainedinreference10fora
symmetricalNACA65,2-016airfoilindicatea consistenttrendfortransi- ●

tionin icingconditionsto beginnesrthellmitof tipingement.The
slopeoftheNusseltparametercurveinthetransitionregioninicing
conditions(forbothtunnelandflighttests)isgenerallyquitesimilar

.

totheslopeobtainedindryairwitha roughmodelsurface;however,a
slighttendencyexistsfortheslopetobe lesssteep.

Theimpingementcharacteristicsforbodiesofrevolutionmaybe
estimatedfromcomputeddroplettrajectoriessuchasreportedinrefer-
ence12. l% shouldbenotedthatconsiderationof cloud-droplet-size
distributionisofprinmryimportanceinthedeterminationof theweight
rateofwaterimpingementonlargebodiesofrevolution.Thisfactor
hasbeenadequatelydemonstratedbyexperimentalstudiesintheNACA
Lewisicing-researchtunnel,alsoreportedinreference12.

Therequirementsfora thermalicing-protectionsystembasedon
thetunnelresultsinthehminarboundary-layerregionwillbe con-
servativeas indicatedby a considerationof theheatbalanceequation
in icingconditions.Theconservatismiscausedbythehigherconvective
heat-transfercoefficientsobtainedinthetunnelcomparedwiththeo-
reticalandflightdata(ref.10). Theammntby whichtheheatrequire-
mentsareconservativecannotbe evaluateddirectlybecauseitisdepend-
enton thespecificconditionsatwhichthebodyistobe operated.For
bodiesinwhichthelaminarboundary-layerextentissmallcomparedwith
thetotalthermallyprotectedarea,theheatingrequirementsbasedon
heat-transfercoefficientsobtainedinthetunnelwillbeonlyslightly
conservative.

.

.—.
—
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SUMMARYOFRESULTS

Froma studyof theconvectiveheattransferin dryairfroman
ellipsoidalspinnerforbothstationaryandrotatingoperationthe
folLowingresultswereobtained:

N
~m

1.Rotationofthespinnerat 1200rpmandat a free-streamveloc-
ityof 275milesperhourincreasedtheNusseltnumberparameterinthe
turbulent-flowregionby approximately32percentovervaluesobtained
witha stationaryspinner.Inthespinner-noseregion,theNusseltnum-
berparameterincreasedbyabout18percentbecauseofrotationat sti-
ilaroperatingconditions.

2.Thetransitionfromlsminarto turbulentflowoccurredover a
range ofReynoldsnumberswhichdependedon theairvelocityandthe
surfaceroughnessof thespinnermodel.Ingeneral,withthesurface
roughenedbydirtandtunnelrustparticles,transitionbeganata
Reynoldsnumberintherangeof about6X105toIX106andendedat about
6x106forthestationaryspinner.

3.Rotationofthespiuercausedfullturbulentflowtobe reached
at a lowerReynoldsnuniber(4.8X106)thanforstationaryoperationof
thespinner..

4.Operationat anangleofattackof 4°hadonlysmalllocaleffects
on theconvectiveheat-transfercoefficientsforthestationaryspinner.

5.Theheat-transferdataobtainedwerein thesamegeneralorders
ofmagnitudeas thedataobtainedina previousstudyofa symmetrical
NACA65,2-016airfoil(ref.10).

LewisFli~t PropulsionLaboratory

10

2.

3.

NationalAd~isoryCommitteeforAeronautics
Cleveland,Ohio,May19,1953
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TABLEI. - SPINNERBEATERCHARACTERISTICS

Heaterelement Area, Maximumpower-
sq in. densityrating,

w/sqin.

A 32 10

B 124 10

c 193 8
.

D 360 8

E 785 6

F 1260 6

1

.
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TABLEII. -mlmmLH HATLoss!rHRmnlHBEATER m li?mWIMH2ATllEH81TlXS AiQ~PJJGI= OF ATPMK

Air velocity,mh 175 175
Poweraeneity,w/Oq in. 3 4
Rotationalspeed,rpm o 0

Heater Heat 10S6 Heatloss
S*1

Btu/(h) Per-Btu/(ti)Per-
(Sqft) Ce$t (Sqf-t)Ce$t

A 194 13.0 258 13.0
B 108 7.2 409 20.6
c 280 18.9 430 21.7
D 258 17.4 323 1.6,3
E 95 6.4 U9 6.5

1’ S6 5.8 329 6.5

Powerdensity,w/sq in
Rddiond speed,I’PIII

Heater
symbol

A
B
c
D
E
F

275 I 275
3 4
0 I o

R
Heat loss Heat 10SS

ltu/(lm)Per- Btu/(ti)Per-
~sqft) cent (sqi%) cent

(a) a)
215 14.5 258 13.0
10S 7.2 MO
bl~ b~.1 323 d::

10.1 258 13.0
bB6 bs.a b~ b~.o

86 5.8 bl~ b6.6

175 175 175
3 4 3

m m mm

Heat I-0s6I Heatloss I Heat 10SS

ltu/(hr)
:B~ ft)

150
108
323
150

bl~

MO TE
Per-Btu/(hr)
cent (sqft)
(a)

10.1 236
7.3 193
21.7 %20
10.1 220
b8.8 ~

10.8 240If
Per- Btu/(ti)Per-
cent (sqft) cent
(Ii) (.9)

U.9 172 11.6
9.7 107 7.2

b21.2 b325 %41.9
I.1L.1blm bS.8

10.1 bl~ bs.4

12,1 bl~ bg.b

275
5
0

He8t 10SS

-i--

tu/(hr)Fer-
aq ft) cent

(a)

4E5 17.2
237 9.6
540 21.8
323 13.0

%20 b4.8

172 7.0

tq(hr
Sq ft)

237
193
387

b~o

b14.o

215

Per-
cent
(’c)

li?.c
9.E
19.5
blo.E

b7.]

10.:

Btu/(hr]
(Sq ft)

3..58
ml
IJ.6
92
b70

89
IT
Per- tu/(hr)Per-
cent (sqf%) cent
(a) (a)

10.6 237 U?oo
8.8 150 7.6
7.8 b275 b13.9
6.2 ZOl L5.2
b4.7 bl~ b6.6

%ercent of total.heat input.

%k3tiuided.

.

I 9X2
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m w/Oqin.

ko 175 3
175 4

104 : 175 4
A 275 3

8 v 275 4
h 275 5

FFFR
6

4

=

turb~ent

.

Iv

a

calculationsfriuuref.9

2 4 6 e 106 2 4 6 8 107 2X107
Re~

Figure5.- Correlationofheatitransferdataobtainedwithuniformheatingdensitiesfor
stationeryepinner.Zeroangleofattack.
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